We sandwich a colloidal gel between two parallel plates and induce a radial flow by lifting the upper plate at a constant velocity. Remarkably, two distinct scenarios result from such a tensile test: (i) stable flows during which the gel undergoes a tensile deformation without yielding and (ii) unstable flows characterized by the radial growth of air fingers into the gel. We show that the transition to the unstable regime is observed beyond a critical rate of viscous energy dissipation in the bulk that is proportional to the gel's yield stress. The most unstable wavelength of the patterns exhibits the characteristic scalings of the classical viscous fingering instability, independent of the yield stress, indicating a full fluidization of the gel. Our work provides a quantitative criterion for the onset of fingering in colloidal gels, and sheds new light on their shear-induced yielding transition.
The displacement of a more viscous fluid by a less viscous one in a confined geometry can induce the formation of complex patterns [1] [2] [3] . Even in the simplest case of two Newtonian fluids, this viscous fingering instability keeps yielding new discoveries [4] [5] [6] [7] [8] [9] [10] . When the displaced fluid is replaced with a non-Newtonian one, the finger growth dynamics can be significantly altered [11] [12] [13] [14] [15] [16] [17] [18] . For instance, in the displacement of a viscoelastic fluid by a Newtonian one, a transition from viscous fingering to fracture occurs above a critical Deborah number, driven by the release of elastic stresses [19] [20] [21] [22] [23] [24] . While a consensus has been reached for the mechanism responsible for this transition in viscoelastic fluids with a finite relaxation timescale, we are far from a comprehensive description of fingering instabilities in another class of complex materials, yield stress fluids, which exhibit a solid-like behavior at rest and a solid-to-liquid transition beyond a critical stress σ c [25] [26] [27] . In dense foams and emulsions displaced by air, for example, the pattern morphology associated with fingering instabilities is strongly rate-dependent [28, 29] . In tensile tests of dense microgels, where the samples are sandwiched between two parallel plates that get separated at a constant velocity, the yield stress can suppress the instability [30] . The transition between stable and unstable displacement lacks a theoretical explanation, but is thought to be linked to the sample adhesion to the plates [30, 31] . Finally, the parameter governing the most unstable wavelength of the pattern in the unstable displacement has been alternatively reported as being set by the yield stress, or being independent of the yield stress [29, 32, 33] , which calls for more experimental investigations.
In this Letter, we report a comprehensive description of both the criterion for stabilization and the characteristics of the most unstable wavelength for a colloidal gel displaced by air. We confine the gel in a parallel-plate geometry of initial gap thickness h 0 and set it into motion by lifting the upper plate at a constant lift velocity v l . We show that the onset of the viscous fingering instability occurs at a critical rate of viscous energy dissipation, beyond which the gel yields locally allowing for the radial growth of fingers. Remarkably, the most unstable wavelength λ c obeys the scaling with v l and h 0 of a Newtonian fluid, which indicates a rapid and complete fluidization of the gel at the locus where fingers grow. This observation is confirmed by the power-law scaling of the normal force relaxation occurring during the tensile test. Our results provide a comprehensive framework for fingering instabilities in colloidal gels and reveal a novel control parameter for the gels' shear-induced yielding transition.
The colloidal gel consists of carbon black particles (Vulcan XC72R, Cabot) of typical size 0.5 µm suspended at weight fractions ranging from 4% to 10% wt. in light mineral oil (Sigma Aldrich; viscosity η s = 20 mPa.s, density ρ s = 0.838 g/ml). Due to attractive van der Waals forces [34, 35] , carbon black particles form a spacespanning gel network, whose linear viscoelastic properties are characterized by a frequency-independent elastic response [36] [37] [38] [39] . Under external stresses lower than the yield stress σ c , the gel behaves as a solid. For σ > σ c , the gel flows. This shear-induced yielding transition is timedependent, spatially heterogeneous and characterized by activated dynamics [38] [39] [40] [41] [42] . Here, we place a 8% wt. carbon black gel in a stainless steel parallel-plate geometry (diameter 2R = 40 mm or 60 mm), whose upper plate is connected to a stress-controlled rheometer (DHR-3, TA Instruments). The temperature of the lower plate is fixed to 25 • C by Peltier elements. To account for the high sensitivity of carbon black gels on shear history [43] [44] [45] , the sample is fully fluidized prior to each test by applying a large shear stress σ = 100 Pa for 30 s. The stress is subsequently swept down to σ = 0 Pa at a rate of 1 Pa/s while the gel reforms. This protocol yields a reproducible initial state [44] . We then perform a tensile test at a constant lift velocity v l during which we record the normal force F N . The plate separation yields a roughly symmetric pattern on both plates, which is photographed.
Two main types of patterns occur in the tensile tests, depending on the lift velocity v l and the initial gap thickness h 0 : (i) unstable patterns characterized by highly branched structures [ Fig. 1 (a)-(c)], and (ii) stable patterns characterized by conical piles of carbon black gel at the center of the plates [ Fig. 1(d) ]. Unstable patterns result from instabilities at the air/gel interface at the periphery of the parallel plate geometry and are observed for high lift velocities and small initial gap thicknesses. Air fingers grow into the gel along the radial direction leaving behind regions depleted in gel. Stable patterns result from a stable displacement of the gel under the tensile flow generated by the plate separation, and occur for low lift velocities and large initial gap thicknesses. Such stable patterns do not occur in Newtonian fluids, but were reported in soft glassy materials such as dense microgels and mortar pastes [17, 30] . Our observations are summarized in a stability diagram, where we report the radial velocity v r = v l (R/2h 0 ), which is the velocity for radial air invasion, and the initial gap thickness h 0 [ Fig. 1(e) ]. The transition from unstable to stable displacement occurs at a critical radial velocity v * r , which increases linearly with increasing h 0 . Such a scaling is robustly observed for different concentrations of carbon black ranging from 4% to 10% wt. [ Fig. S2 in Supplemental Material] . Surprisingly, the stability boundary v * r (h 0 ) shifts towards lower velocity values for carbon black gels with larger particle concentration. Counter intuitively, stronger gels exhibit unstable patterns over a larger range of v r and h 0 . From our additional experiments on gels with 4%, 6% and 10% wt. we find v * r /h 0 ∝ σ −1 c , as shown in the inset of Fig. 1(e) . The physical meaning of this scaling becomes evident when re-written as a constant rate of energy dissipation per unit volume P d , dissipated at the onset of the yielding transition: P d = σ cγ * = const., whereγ * v * r /h 0 denotes the critical shear rate below which the flow induced by the plate separation is stable. Air fingers grow into the gel only if the mechanical energy provided to the gel by the plate separation leads to viscous dissipation over a timescale that is shorter than the time needed for the gel to heal.
To get further evidence for this scenario, we consider the evolution of the normal force F N (h) during plate separation at v l = 200 µm/s for an unstable pattern with h 0 = 200 µm and a stable pattern with h 0 = 1000 µm. In both cases, F N exhibits a sharp increase up to a maximum followed by a two-step relaxation characterized by two power laws with respective exponents α and β, as shown in Fig. 2(a) . For the unstable pattern, the first relaxation exhibits an exponent α 5 that is characteristic of a purely Newtonian response [46] [47] [48] . Indeed, assuming a constant viscosity η, and integrating Darcy's law to compute the pressure field, which is in turn integrated over the area occupied by the material yields the expression F N (h) = 3πηR 4 h 2 0 v l /2h 5 [32, 46] . The air fingers invade the gap radially and locally fluidize the gel into a viscous suspension. The second relaxation exhibits a power-law exponent β 2, which is characteristic of the necking of a viscous liquid [46] and corresponds to the extensional flow of the gel threads linking the crest of the branched pattern formed on the upper and lower plates.
By contrast, the early growth of the stable pattern is characterized by a first power-law relaxation step with an exponent α 2.5, characteristic of a yield stress fluid [31, 32] . Indeed, assuming that the pressure gradient is balanced by the yield stress σ c yields the expression F N (h) = 2πR 3 h 3/2 0 σ c /3h 5/2 . While being dragged towards the center of the plates, the carbon black gel thus behaves predominantly as an elastic soft solid. The gel may rearrange to accommodate the extensional flow, but over timescales that are large compared to the gel's "healing timescale" denoting the re-formation of the network, such that G > G at all times. The second relaxation step exhibits a power law with an exponent β 2, as for the unstable case. Note that the transition from the first to the second relaxation regime occurs at a critical gap h c 2600 µm that coincides with reaching the final diameter of the deposit, as determined from mass conservation arguments, further confirming that the second relaxation step denotes the thinning of the gel thread connecting the two cones of gel located on the lower and upper plates.
More generally, for tensile tests performed at a constant lift velocity, the first relaxation step of the normal force displays a Newtonian behavior characterized by α = 5 at small h 0 . For increasing initial gap thicknesses approaching the boundary to the stable regime, α decreases monotonically until reaching α = 2.5, the value expected for a yield stress fluid, at the onset of stable displacement, as shown in Fig. 2(b) . Concomitantly, the pattern transitions from a highly branched structure that extends over the entire diameter 2R of the plate, to an unstable pattern of reduced size 2R p within a transitional range of h 0 to finally a stable conical shape, as shown in Fig. 2(c) . The second relaxation step of the normal force displays a power-law exponent β 2, for all initial gap thicknesses, whether the flow is unstable or not. These observations are robust and also observed in experiments at fixed initial gap thickness performed at various lift velocities [ Fig. S3 in Supplemental Material].
As further proof that the carbon black gel is fully fluidized during the unstable pattern growth, we examine the most unstable wavelength characterizing the onset of the instability λ c [49] . We find the wavelength to scale as λ c ∝ h [2, 50]:
for plates with large aspect ratio R/h 0 1. This confirms that the yield stress plays a negligible role in the formation of the fingering patterns. Moreover, if we take for Γ the surface tension of the light mineral oil Γ s , we obtain η = 0.18 Pa.s, which is compatible with the viscosity of a fully fluidized carbon black gel (measured at high shear ratesγ = 1000 s −1 [39] ). This viscosity is about a factor of 4 lower than the one extracted from the first relaxation step of the normal force. This is because the viscosity extracted from λ c corresponds to the state of the gel at the very tip of the finger, whereas that extracted from the force relaxation is an average all along the length of the fingers. Remarkably, the most unstable wavelength saturates at a constant value λ * c = 1.76±0.10 mm for h 0 < 200 µm [ Fig. 3(a) ]. Such saturation is unexpected. We note, however, that this value is compatible with the capillary length c = Γ s /(ρ s g)
1.8 mm of the mineral oil, which suggests that the thinnest fingers that form during a tensile experiment are limited by capillary effects.
In summary, we show that the presence of attractive colloidal particles suspended in a Newtonian liquid can suppress the viscous fingering instability. We provide the criterion for the onset of the instability as a critical rate of energy dissipation P d below which the rapid healing of the gel network due to attractive interactions prevents the finger invasion. The gel continuously rearranges under shear but exhibits an elastic response at all times during the tensile test, which leads to the formation of stable cones at the center of the plate. For P P d , which is reached at large enough lift velocities or small enough initial gap thicknesses, the gel yields locally along the periphery of the plate. Air fingers invade the gap producing highly branched patterns that exhibit wavelengths and normal-force responses characteristic of Newtonian fluids, indicating that the gel is fully fluidized. Interestingly, this criterion is distinct from a simple criterion of an energy threshold. Indeed, the energy W needed to separate the two plates, calculated as the integral of the normal force from the initial gap thickness h 0 to plate separation, is not correlated with the transition from stable to unstable flow, as shown in Fig. 4 .
More generally, the predominance of viscous dissipation governing the normal force response that we find in carbon black gels is in agreement with tensile tests performed with gels composed of clay particles [51] . Moreover, our observation that the fingering characteristics are set solely by the properties of the fully fluidized state of the sample might shed light on discrepancies pointed out in [32] , where the finger width observed in hair gel solutions is independent of their yield stress. However, our results strongly contrast with experiments on jammed assemblies of soft particles such as dense microgels for which the wavelength of the pattern is set by the yield stress of the material [29] . This suggests that the mechanism for fingering in soft repulsive glasses is distinct from that of the gels studied here, which indicates that we should not look for a universal scenario describing viscous fingering in all yield stress fluids. Our work thus provides a novel scenario for the onset of cohesive failure in gels of attractive colloidal particles. Future work should aim at placing the criterion for fingering instabilities in the context of the activated-like yielding scenario that currently prevails in the literature [52] [53] [54] . Within that framework, our findings could be relevant for interpreting recent yielding experiments in colloidal gels controlled by ultrasonic vibrations [55] , and constitute a benchmark set of experimental data to test glassy constitutive models [56] . Figure S2 : Stability diagram reporting the radial velocity vr versus the initial gap thickness h0 for tensile tests performed with carbon black gels of concentrations 4%, 6% and 10% wt. from (a) to (c). The red line denotes the critical velocity v * r (h0) separating the stable from the unstable regime. The boundary between stable and unstable flow shifts towards lower velocities with increasing carbon black concentration. 
